The elucidation of the cellular and molecular mechanisms governing the maturation of the central nervous system (CNS) is rapidly emerging. Cell±cell and cell±matrix interactions play critical roles in all phases of developmental tissue remodeling. Throughout development, an intricate balance between extracellular matrix synthesis and degradation is preserved by the opposing actions of matrix metalloproteinases (MMPs) and their speci®c inhibitors, the tissue inhibitors of metalloproteinases (TIMPs). Although recent evidence suggests that TIMPs exert diverse cell biological functions distinct from their MMP-inhibitory activities, few studies have investigated MMP or TIMP expression during CNS development. The present report analyzes the mRNA expression of the four known TIMPs throughout the course of embryonic and postnatal rat CNS development. The results clearly demonstrate the unique spatial distribution and temporal regulation of TIMP expression and suggest a distinct role for each TIMP during CNS development. q
Results and discussion
In addition to their structural function, extracellular matrix (ECM) molecules play an important role in the structural rearrangements that accompany many physiologic, as well as pathologic, processes. To preserve tissue integrity during these processes, ECM synthesis and degradation must be exquisitely regulated. The matrix metalloproteinases (MMPs) are products of a multigene family of endopeptidases that are believed to be the main physiologically relevant mediators of ECM degradation (reviewed in Nagase and Woessner, 1999) . MMPs function in the degradation of a broad-spectrum of ECM and basement membrane proteins, including collagens, laminin, ®bronec-tin, glycoproteins and proteoglycans (Nagase, 1997) . MMP activity is inhibited by association with tissue inhibitors of metalloproteinases (TIMPs). To date, four members of the TIMP family have been cloned and characterized Moses, 1996, 1998; Okada et al., 1994; Santoro et al., 1994) . The primary function of TIMPs is MMP inhibition; however, evidence is mounting that TIMPs are multi-functional molecules that exert diverse cell biological functions distinct from their MMP-inhibitory activities (reviewed in Edwards, 1999) . While the role of MMPs and TIMPs in the morphogenesis of non-neural tissues has been investigated, to date few studies have analyzed MMP or TIMP expression during CNS development (Vaillant et al., 1999; Soler et al., 1995) . To address this issue and begin to ascertain the function of TIMPs in rat nervous system development, Northern and in situ hybridization analyses were undertaken.
The temporal regulation of TIMP expression throughout rat brain development was determined by northern blot analysis (Fig. 1 ). Following hybridization with TIMP probes, the blots were hybridized with the ubiquitously expressed, non-developmentally regulated gene cyclophilin (Danielson et al., 1988; Lenoir et al., 1986) to determine equal loading of RNA per lane. Timp-1 recognizes a single transcript of 0.9 kb whose expression declines during embryogenesis, increases prior to birth, then declines postnatally (Fig. 1A) . Two Timp-2 transcripts are generated by alternative polyadenylation (Hammani et al., 1996) . The expression of the predominant 3.5 kb, as well as the 1.0 kb, transcript increases as development proceeds ( www.elsevier.com/locate/modo 1B). Timp-3 is expressed at the lowest level in the brain (Fig. 1C) . The apparent developmental increase in Timp-3 was veri®ed with poly (A) 1 RNA (not shown). Like Timp-2, and as reported in the heart (Wu and Moses, 1998) , multiple Timp-4 transcripts are expressed in the brain (Fig. 1D) . With the exception of the 8.0 kb transcript, which peaks at P14 and then declines, the expression of all other Timp-4 transcripts increases during development.
The spatial distribution of TIMP mRNA expression was determined by in situ hybridization with 35 S-labeled antisense cRNA probes on near-adjacent sections from embryonic day 14 (E14) to E20 (Fig. 2 ). At E14 ( Fig. 2A) and E16 ( Fig. 2B ), Timp-1 is abundantly expressed in the telencephalic and mesencephalic ventricular zones. By E18 (Fig. 2C) , Timp-1 expression in the CNS declines dramatically; however, the cerebellum now displays an intense hybridization signal. At E20 (Fig. 2D ), Timp-1 expression continues to be abundantly expressed in the cerebellum with a somewhat lower expression in the neocortical ventricular zone. Expression is also detected in the olfactory bulb. As revealed by northern hybridization, Timp-2 is the most abundantly expressed TIMP in the CNS. At E14 (Fig. 2E ), Timp-2 is expressed at signi®cant levels throughout the neuraxis. By E16 (Fig. 2F) , hybridization signal is evident within the brain parenchyma. At all embryonic ages, Timp-2 is most abundantly expressed in cartilage. In particular, expression is detected in the vertebrae and sternum at E18 (Fig. 2G ). An intense Timp-2 hybridization signal is also detected in the embryonic lung as demonstrated at E20 (Fig. 2H) . Like Timp-1 and Timp-4, Timp-3 mRNA expression is detected throughout the ventricular zones of the neuraxis at E14 (Fig. 2I) . In addition to expression in the CNS, Timp-3 mRNA is present in peripheral ganglia, including the trigeminal ganglia (Fig. 2J) . At E18 (Fig.  2K ) and E20 (Fig. 2L) , Timp-3 is enriched in both the optic nerve and whisker vibrissae. By E20 (Fig. 2L) , a diffuse low level of expression is detected in the brain parenchyma, with enrichment in several brainstem nuclei. In contrast, Timp-3 expression in the neocortex continues to be enriched in the ventricular zone. Outside the nervous system, Timp-3 mRNA is abundantly expressed in thymus and muscle. While Timp-4 expression is not detected embryonically in the mouse (Leco et al., 1997), Timp-4 mRNA is expressed in the rat embryo. At both E14 (Fig.  2M ) and E16 (Fig. 2N) , Timp-4 is expressed in a similar pattern, although at a lower level, to Timp-1 with the exception that Timp-4 is expressed at very high levels within the dorsal root ganglia. At E18 (Fig. 2O) , Timp-4 expression increases dramatically and remains restricted to the ventricular zone. Expression then inexplicably decreases at E20 (Fig. 3P ). This expression pattern was observed in four animals in two independent hybridization experiments. Like Timp-3, Timp-4 is expressed at a notable level in muscle.
In situ hybridization at postnatal day 21 reveals the general distribution and distinct expression pattern of Timp mRNA during postnatal brain development. Given the expression level detected by Northern analysis, the weak diffuse hybridization signal for Timp-1 observed in the brain postnatally is somewhat surprising (Fig. 3A) . However, these results are in agreement with a previous report that Timp-1 mRNA is poorly expressed in the brain at all postnatal ages (Rivera et al., 1997) . The primary sites of Timp-1 expression are hippocampal pyramidal cells and cerebellar granule cells. As observed embryonically, Timp-2 is the most abundantly expressed TIMP in the CNS postnatally (Fig. 3B) . As development proceeds, Timp-2 expression declines and becomes more restricted. Most notably, expression in the neocortex begins to displays laminar speci®city (Fig. 3C) . At all ages and in all brain regions examined, the cellular source of Timp-2 mRNA is neurons. In contrast to the discrete neuronal expression of Timp-2, Timp-3 hybridization signal is more diffusely distributed in the brain (Fig. 3D) . The most intense Timp-3 hybridization signal is present in the choroid plexus and meninges. Timp-3 is also abundantly expressed in the thalamus (Fig. 3E) . Timp-3 mRNA is expressed by neurons in the thalamus (unpublished observation) and by endothelial cells and astrocytes in the cerebral cortex (Jaworski and Fager, 2000). The relative expression level of Timp-2 and Timp-3 in the adult cerebellum demonstrated here differs from that previously reported (Vaillant et al., 1999) . One possible explanation is the use of oligonucleotide probes as opposed to the cRNA probes used in the present report. The cerebellum represents the primary site of Timp-4 expression (Fig.  3F) . Timp-4 mRNA is primarily restricted to cerebellar Purkinje cells (Fig. 3G) . Based on the disparate spatial distribution both embryonically and postnatally, each TIMP likely serves a distinct function in the brain. Further in-depth analyses need to be performed to ascertain the functions of TIMPs in nervous system development.
Methods

Generation of TIMP cDNAs
cDNAs were constructed as previously described (Jaworski, 2000) .
Northern Blot Analysis
Total RNA was isolated by cesium chloride ultracentrifugation (Chirgwin et al., 1979) . Northern hybridization was performed as previously described (Jaworski et al., 1994) . To determine the relative expression of each TIMP, replicate blots were hybridized and washed under identical conditions. Blots were exposed to ®lm (BioMax MR, Kodak) at 2808C with an intensifying screen for 5 days.
In situ hybridization
In situ hybridization was performed exactly as previously described (Jaworski et al., 1994) . At least two animals, in two independent hybridization experiments, were examined per age. Tissue sections were exposed to autoradiographic ®lm (BioMax MR, Kodak) at 48C for 4 days. Autoradiograms were scanned using an Epson Expression 800 scanner with transparency adapter and imported into Adobe Photoshop. Fig. 2 . Localization of TIMP mRNA expression during embryonic development. In situ hybridization of near-adjacent sections at the indicated ages demonstrates the distinct expression pattern of Timp-1 (A±D), Timp-2 (E±H), Timp-3 (I±L), and Timp-4 (M±P) mRNA. Following hybridization, sections were counter-stained with cresyl violet to reveal histological details (Q±T). The primary site of TIMP mRNA expression in the CNS at E14 differs in that Timp-2 is localized in post-mitotic cells while Timp-1, Timp-3 and Timp-4 are enriched in ventricular zones. As development proceeds, Timp-1 expression remains enriched in the ventricular zone (B,D). The most intense Timp-1 expression occurs in the cerebellar primordium (C,D). Timp-2 mRNA is expressed at extremely high levels throughout the embryo, particularly in cartilaginous structures (F±H). Timp-2 increases in expression throughout nervous system development. In addition to expression in the ventricular zones, Timp-3 mRNA is enriched in peripheral ganglia, including the trigeminal and dorsal root ganglia (J). Non-neural sites of Timp-3 mRNA include whisker vibrissae (K), skeletal muscle, and thymus (L). The primary site of Timp-4 expression is in the dorsal root ganglia (M,O). Cart, cartilage; CB, cerebellum; Ctx, neocortex; Dent, dental primordium; DRG, dorsal root ganglion; Liv, liver; LV, lateral ventricle; M, medulla; MB, midbrain; Mus, muscle; OB, olfactory bulb; ON, optic nerve; SC, spinal cord; SCpmn, spinal cord post-mitotic neurons; SCvz, spinal cord ventricular zone; Strn, sternum; TG, trigeminal ganglion; Thy, thymus; Vert, vertebrae; Vib, vibrissae follicles. Scale bar 1 mm. Coronal section of Timp-4 expression in the cerebellum. AC, anterior commissure; AON, anterior olfactory nucleus; CB, cerebellum; CC, corpus callosum; CP, choroid plexus; DCN, deep cerebellar nuclei; DG, dentate gyrus; EGL, external granule cell layer; Hip, hippocampus; IGL, internal granule cell layer; InfC, inferior colliculus; LD, lateral dorsal thalamic nucleus; MD, medial dorsal thalamic nucleus; MOL, molecular cell layer; OB, olfactory bulb; PCL, Purkinje cell layer; PN, pontine nuclei; R, Reuniens thalamic nucleus; SC, superior colliculus; Sep, septal nuclei; WM, white matter. Scale bar 1 mm (A,B,D,F); 200 mm (C,C H ,E,G,G H ).
